Abstract An 11-year remotely sensed surface albedo dataset coupled with historical meteorological and stand-level forest management data for a variety of stands in Norway's most productive logging region is used to develop regression models describing temporal changes in forest albedo following clear-cut harvest disturbance events. Datasets are grouped by dominant tree species, and two alternate multiple regression models are developed and tested following a potential-modifier approach. This result in models with statistically significant parameters (p< 0.05) that explain a large proportion of the observed variation, requiring a single canopy modifier predictor coupled with either monthly or annual mean air temperature as a predictor of a stand's potential albedo. Models based on annual mean temperature predict annual albedo with errors (RMSE) in the range of 0.025-0.027, while models based on monthly mean temperature predict monthly albedo with errors ranging between of 0.057-0.065 depending on the dominant tree species. While both models have the potential to be transferable to other boreal regions with similar forest management regimes, further validation efforts are required. As active management of boreal forests is increasingly seen as a means to mitigate climate change, the presented models can be used with routine forest inventory and meteorological data to predict albedo evolution in managed forests throughout the region, which, together with carbon cycle modeling, can lead to more holistic climate impact assessments of alternative forest harvest scenarios and forest product systems.
mitigation strategies involving forest management in these regions (Anderson et al. 2010; Jackson et al. 2008) . However, surface albedo remains one of the main uncertainties of the radiation budget in climate modeling (Forster et al. 2007; Liang 2007) . A review of the current literature reveals the need for more reliable quantitative predictions of the effect of forest structure on albedo (Rautiainen et al. 2009 (Rautiainen et al. , 2010 (Rautiainen et al. , 2011 , and in particular, of temporal effects following natural and anthropogenic disturbances (Bonan 2008) .
By trading space for time, some have recently examined boreal forest albedo across age transects (chronosequence studies) following natural disturbance events like forest fire, employing both in-situ (Amiro et al. 2006; Randerson et al. 2006 ) and remote sensing techniques (Beck et al. 2011; Jin et al. 2012; Lyons et al. 2008) . These studies report the persistence of a higher annual mean albedo for several decades following fire events in boreal regions due to the stronger influence of snow in winter/early spring on the annual mean in the absence of a fully developed canopy cover. However, little is known about albedo dynamics following human disturbance-like forest harvest or thinning-in a managed forest context. Forest management practice may influence forest albedo through changes in canopy cover, leaf area index, stand density, and the amount of visible snow exposed through the canopy (Manninen and Stenberg 2009) . As forest management is increasingly seen as part of the toolbox of climate change mitigation strategies-particularly in Nordic regions-there is an increasing need to better understand albedo dynamics in managed forests, which often exhibit different physical properties than natural forests due to their uniformity in species, age, canopy composition and structure, etc. This is especially the case in northern latitude and high altitude regions, where climate effects from albedo changes from deforestation or clear-cut harvesting can counteract those arising from concomitant perturbations to the terrestrial carbon cycle (Bala et al. 2007; Bathiany et al. 2010; Betts 2000; Bright et al. 2011; Cherubini et al. 2012; Pongratz et al. 2011) .
The effect of canopy structure on forest reflectance and radiative transfer is complicated and has been the subject of numerous forest reflectance modeling studies in boreal regions (Kuusk and Nilson 2000; Manninen and Stenberg 2009; Ni and Woodcock 2000; Peterson 1991, 1994; Rautiainen et al. 2009 Rautiainen et al. , 2011 . Such studies make use of physical parameterizations of canopy structure and radiative transfer theory to simulate forest reflectance and albedo. While forest reflectance models have proven valuable to the assessment of forest health, ecology, and management (Nilson et al. 2003) , there is still a need to better understand variations in both spatial and temporal patterns to which satellite based observations are well-suited (Rautiainen et al. 2010) .
Here, we take advantage of an 11-year time series of remotely sensed albedo observations (MODIS), historical meteorological observations, and detailed forest inventory data for Norway's most productive logging region (in terms of felled volume) to develop empirical models describing both monthly and annual albedo trajectories in time. Satellite data, in juxtaposition with ground-based observations and historical reconstructions, are valuable tools in characterizing land surface properties (Fall et al. 2010; Kvalevåg et al. 2009; Sertel et al. 2009 ). Incorporating temporal descriptions of albedo into regional assessments of the climatic effects of alternative forest management strategies would serve to better inform the development of climate protection policy, and furthermore, help to improve albedo parameterizations of forest management in earth system models that currently do not acknowledge temporal transitions (Hibbard et al. 2010) .
Heretofore, we develop, present, and describe our simple models while briefly illustrating their general utility and concluding with a discussion of the models' limitations while pointing out areas of important future research needs.
Materials and methods

Regional geography and climate
The focal region is located in the interior part of southern Norway (centered at 61 N, 11 E) sharing a long border with Sweden (Fig. S1 ). The northwestern part of the region is comprised of gentle mountain valleys and is home to the highest elevations in the region, with the highest summit measuring 2,178 m. The topography of most of the region to the south and east is relatively flat and dominated by coniferous forests.
The region may be considered part of the continental boreal forest that extends as an almost continuous belt around the upper northern hemisphere. Forests in the region are dominated by Norway spruce (Picea abies), Scots pine (Pinus sylvestris) and Birch (Betula pendula and B. pubescens), with understory vegetations often dominated by blueberries (Vaccinium myrtillus) and other Vaccinum species along with various herb communities (Granhus et al. 2012) . Pine is dominant on dryer and poorer site types, while spruce is often found on more fertile sites. Birch is a pioneer species that is found throughout the forest. Continuous, low-productive birch forests dominate the high elevation areas of the region.
The region experiences a continental climate ("Subarctic/Boreal") characterized by long cold winters with short mild summers and moderate, seasonally distributed precipitation (Peel et al. 2007 ). Where logging activities occur, snow covers the ground from December through early April in the lower elevations of the central, southern, and eastern parts of the region (~300 m)-and from November through early May in the northern and western parts of the region (~800 m) (Norwegian Meteorological Institute 2013).
Forest stand and albedo data
The forestry dataset includes stand-level information on dominant tree species, average age, site index (productivity measure), total stand area, geographic location, and altitude. Sites included in the sample were selected based on their spatial compatibility with MODIS Albedo/Bidirectional Reflectance Distribution Function (BRDF) product 43A (NASA LP DAAC 2012), illustrated in Fig. S1 (see Electronic Supplement). In other words, only those stands with a surveyed perimeter enveloping a single 43A pixel (~0.25 km 2 ) were selected for analysis. Black-sky (directional-hemispherical) shortwave broadband albedo data (entire integrated value of shortwave spectral components, Collection 5, MCD43A) were obtained for an 11-year period spanning January 2001-December 2011 (NASA LP DAAC 2012). Individual image data sets are 8-day composites of atmospherically-corrected surface reflectance at local solar noon, derived by using cloud-free, high-quality acquisitions over 16 days (Schaaf et al. 2002 (Schaaf et al. , 2012 . For any 8-day composite with no retrieval of acceptable quality, albedo is estimated based on linear interpolation between succeeding and preceding composites. Due to the interannual variability in plant phenology and local climate variables influencing albedo-particularly wintertime albedo-monthly and annual means of the entire 11-year dataset are taken for each site to reduce this variability. The MODIS Albedo/BRDF product has performed well in several validation studies, although some report a lower accuracy for non-homogenous surfaces in winter months (Jin et al. 2003; Salomon et al. 2006) .
Regression datasets are grouped by dominant tree species of each stand: Norway Spruce (Picea abies), Scotts Pine (Pinus sylvestris), and Silver Birch (Betula pendula), presented in Table 1 . Observed albedo of seven clear-cut and ten open area sites adjacent to forest cover spanning a range of elevations in the region are coupled with each species group dataset to represent stands of age zero (newly harvested stands). For the Birch Group, data is for one site index (H 40 ) only.
Because we rely on a large albedo data time series and because stand level surveys are conducted over varying years, it was important to normalize stand Age to a single year, or year 2006. Thus a survey conducted in 2010 reporting an average stand age of 80 was recorded as 80+(2006-2010)-or Age 76. For the actual clear-cut sites in our dataset, however, the albedo data time series is restricted to years following harvest.
Meteorological data and model development
In interior boreal regions, snow cover is an important contributor to the annual mean albedo. A recent study by Cherubini et al. (2012) identified a strong positive linear correlation between site altitude and 3-yr. annual mean albedo (r=0.95, n=17, altitude range=300 m-1,000 m) for non-forested and clear-cut stands in the same region. An analysis of the observed historical meteorological data from several weather stations throughout the region reveals that annual mean air temperature, snow cover (percent of year with snow on ground), and snow depth are all strongly linearly correlated to elevation (r≥0.9), presented in Fig. S2 (Norwegian Meteorological Institute 2013). Because forestry activities take place at these elevations and because forest canopies play a large role in "masking" the higher albedo of snow covered ground, an ideal model should-in addition to some representation of the forest's physical attributes-incorporate a climate dimension to enhance predictive capabilities independent of vegetation cover. We embrace this principle in the development of our models such that albedo is modeled as a function of both forest cover and local climate. We adapt a so-called potential-modifier approach, where the potential albedo is that of a mature forest as affected by local climate, e α, combined with a canopy modifier, ϕ -or a representation of some stand physical attribute:
where the predicted albedo, a, is a function the potential albedo e a ð Þ of any given site which can be added to-or multiplied by-the effects of the canopy modifier component (ϕ).
Canopy modifier components
In accordance with findings in the literature (Amiro et al. 2006; Lyons et al. 2008; McMillan and Goulden 2008; Nilson and Peterson 1994; Randerson et al. 2006; Rautiainen et al. 2011) , we assumed that the albedo of a young forest is higher than that of a mature forest and is reduced over time with canopy development following some disturbance event (here represented as a chronosequence of stand age). The disturbance event in this case is a final felling clear-cut, which is conventional practice throughout the region. We hypothesize that canopy structure, as determined by dominant tree species, is an influencing factor on albedo evolving with age, the main motivation for grouping data sets by dominant tree species (Table 1) . To test this hypothesis, evergreen needleleaf species (pine and spruce) are combined to assess whether species distinction is necessary, labeled Conifer Group in Table 1 .
We tested several functional forms for modeling the general pattern of albedo with forest cover but found the best approximating functional form to be an exponential function with age as a predictor:
where the parameter k 2 is the rate of change in albedo as the canopy develops with age, A, or time since harvest. A similar function has been previously applied to fit forest reflectance observations (summer and winter) with forest age in managed boreal forests of Estonia (Nilson and Peterson 1994) and wintertime albedo observations in unmanaged boreal forests of North America (Amiro et al. 2006) . In order to acknowledge that forest cover develops faster in higher productive forests than in lower productive forests, we tested an alternate canopy modifier function that included both age and site index (H 40 ) 1 :
1 H 40 is a productivity index used in forestry and is the height in meters for the dominant trees at 40-yrs. breast height age (age after tree has reached 1.3 m). Thus, a productivity of "14" indicates the top height in meters of the stand by 40 years of breast height age.
Potential albedo
Given that elevation is found to be a strong predictor of three key climate drivers (snow depth, snow cover, and air temperature, Fig. S2 ) greatly influencing the annual mean albedo, we test two formulations of the potential albedo of a forest, e a, with the first formulation adopting elevation as the predictor in a linear function:
where E is actual site elevation in meters above sea level and b E is an observational constraint representing the lowest elevation for each species group in the empirical dataset. Including b E as a regression constant ensures that the intercept parameter k 1 remains the asymptotic value of a mature forest at low elevation, increasing by the value k 2 per meter gain above b E for a given species group. This formulation of the potential albedo component recognizes that elevation is both a strong predictor of the annual mean albedo and is a common site statistic readily available to forest managers.
However, while the use of elevation as a climate predictor may give the model robust predictive capabilities (Fig. S2) , it restricts its applicability and transferability to other boreal regions; thus, we test an alternate formulation of the potential albedo using a local climate variable as a predictor:
where the predictor variable T is the annual mean temperature of the site and k 1 is the intercept at sites having an annual mean temperature of zero. Temperature is chosen as an alternate predictor because-of the two other climate variables presented in Fig. S2 exhibiting strong linear relationships with elevation (snow cover and snow depth)-only air temperature data were available for the same 11-year time series as the albedo dataset. While it is important to understand how the annual mean albedo evolves with age, it is equally important to understand how albedo evolves across seasons within the year. We regress historical monthly mean air temperature data from three weather stations with monthly mean albedo from 12 adjacent non-forested sites in order to explore the relationship between monthly temperature and albedo. The weather stations are evenly dispersed throughout the region 240 m, 61.16N 11.44E; Flisa II, 185 m, 60.61N 12.01E; Drevsjø, 672 m, 61.89N 12.05E ) and the open sites are homogenous croplands with no slope located within a 5 km radius of a measuring station.
This exploratory analysis indicated a non-linear relationship best fit by a logistic function. Because we do not have observed monthly temperature data for the individual sites comprising our forestry dataset, we rely on monthly mean temperature lapse rates derived from five weather stations spanning 240 m-792 m in elevation throughout the region for the same 11-yr. time series. The 11-yr. monthly mean lapse rates are then extrapolated to compute monthly mean temperatures for each of our sites (dataset summary presented in Table 1 ). We adopt a slightly modified version of the logistic function presented in Fig. S3 for the potential albedo component, expressed as:
where T is monthly mean temperature and k 1 is the albedo at infinite temperature.
In total, the two canopy modifier variations are tested (Eqs. 2 and 3) in conjunction with both the elevation-based (Eq. 4) and two temperature-based (Eqs. 5 and 6) potential albedo components. Models with elevation (E) and annual mean temperature (T) as the predictor in e a predict albedo at annual time increments, while models using monthly mean temperature T À Á in e a predict albedo at monthly time increments. Both additive and multiplicative formulations are analyzed, with only the best performing models presented and discussed in subsequent sections.
Results
Annual albedo models
We found that an additive form of the annual models performed best, particularly for the conifer groups, which were found to have R 2 values of above 0.8, and in particular, for the Spruce Group, which generally had the highest R 2 out of all species groups. Since the birch stands in our dataset were of one site index only, only one canopy modifier was tested for the Birch Group, which had the lowest R 2 of any species group. Surprisingly, for the conifer groups, the inclusion of the second canopy modifier predictor variable-site productivity (H 40 )-led to no significant improvement in the annual model judging by the low t-Statistic and high p-value of its coefficient. A comparison of the Akaike information criterion corrected for sample size (AICc) confirms that the model with only Age as the canopy modifier predictor is indeed the superior model for all conifer groups.
Both the elevation-and temperature-based annual albedo models performed equally well; however, only the temperature-based model is presented here (Table 2 ) and the reader is referred to Supporting Information for the results and parameters of the elevation-based models. Considering a p-value of <0.05 to be statistically significant for any given model parameter, models for all species groups presented in Table 2 are considered acceptable.
Because Pine and Spruce groups rely on the same "age zero" dataset, the sum of their AICc values cannot be compared to the Conifer Group's AICc. However, as can be seen in Table 2 , Spruce and Pine models independently have higher coefficients of determination (R 2 ) and lower error (RMSE) than when combined into a single generic Conifer Group. The interpretation of model parameters are as follows: for a site with an annual mean temperature of zero (Celsius), as the forest matures the mean annual albedo trends towards the value of parameter a 1 (equaling a 1 when age is infinity) at a rate indicated by a 4 (lower values correspond to lower rates of change). The maximum change in the annual mean albedo at harvest disturbance (when the stand age becomes zero) is a 3 , with the new albedo becoming a 1 +a 3 . For any given change in annual mean temperature by 1°, the annual mean albedo increases (decreases) by the value of a 2 .
Plotted surface fits for the annual models are presented in Fig. 1 . Residual analysis showed that the raw residuals appeared relatively homoscedastic with few outliers and that the residuals were normally distributed around zero (Fig. S4) .
As can be observed from Fig. 1 as well as from the value of parameter a 4 in Table 2 , the rate of change in annual albedo with age (time after harvest) is greater for all conifer groups than for the Birch Group. For the conifer groups, pre-harvest albedo is approximately reached after 20-40 years; for Birch, the return to the pre-harvest albedo is more gradual, requiring longer than the typical rotation length (60-80 year). In the context of climate protection strategy, this finding could have significant management implications, discussed in Section 4.
It should be kept in mind that the slower albedo decay rate with age for the Birch Group could be an artifact of sampling bias due to the limited number of data points under age 50. However, possible structural-related differences between young and old birch stands that drive wintertime albedo should not be discounted.
Monthly albedo models
As for the annual models, the additional information on site productivity did not produce a better monthly model, thus the parameter values presented in Table 3 correspond to a version with only Age as a predictor variable in the modifier component (Eq. 2). For the monthly temperature T À Á based models, better fits were produced when the potential albedo component e a was compounded by-rather than added to-the modifier component ϕ. Analysis of descriptive statistics indicates that the monthly models performed quite well for all species groups, with high determination coefficients and with statistically significant parameters-particularly for the Birch Group-which had a higher R 2 than the annual model based on annual mean temperature and elevation (Table S1 ). Surface fits are plotted in Fig. 2 and show the general behavior of the model predictions amongst the different species groups.
The effect of multiplying the potential albedo with the canopy modifier rather than adding it serves to reduce the accuracy of predictions when temperature is near and below zero because it gives more emphasis to the age-dependency of albedo, which varies less by age in warmer months. This was seen when analyzing the raw residual plots (Fig. S5) which showed a larger variance in high value predictions-values typically experienced when air temperatures are below zero. Overall, with the exception of the Birch Group, the monthly models appeared to have a slight negative bias, with residual distributions skewed slightly under the mean (Fig. S5) . However, the multiplicative version of the model produces more accurate albedo predictions at sub-zero temperatures in older-aged stands than the additive model, leading to a model with lower overall prediction error and higher coefficients of determinations (Table 3) .
The monthly models highlight that there is very little difference between species groups in summer months with no snow cover compared to winter months, where there is a large difference in the Birch Group albedo relative to the other species groups. This is likely attributed to the stronger influence of snow at ground level for birch stands which have a low leaf area index in winter (Rautiainen et al. 2009 ).
Discussion
A large, multi-year time series of remotely sensed surface albedo data coupled with standlevel forest inventory data for a variety of managed forest stands in Norway's most productive forestry region were used to develop regression models describing temporal Datasets were grouped by dominant tree species, and several alternate multiple regression models were developed and tested. This resulted in two species-specific albedo models with statistically significant parameters that could explain a large proportion of the observed variation in both monthly and annual mean albedo. When the distinction between evergreen needleleaf species is unknown, a generic Conifer model may be applied with equally robust predictive capabilities. The models require just two predictors: i) a canopy modifier predictor and ii) a local climate predictor of a forest's potential albedo. For both models, average stand age served as a powerful canopy modifier predictor of the fundamental physical drivers affecting albedo on interannual time scales of managed stands throughout the region. Air temperature served as a useful predictor of a forest's potential albedo on both monthly and annual time scales, while elevation served as a powerful predictor in an alternate annual model (Supporting Information). It should be emphasized, however, that the temperaturebased models are only semi-empirical; that is, the temperature data connected to each stand in our dataset were not measured directly, but rather, by extrapolating regional temperature lapse rates using observed temperature data from several weather stations scattered throughout the region. These equations are provided in Table S2 of the Electronic Supplement for the reader's convenience. In the absence of soot and charred surfaces that reduce the annual albedo initially following forest fire disturbances (Lyons et al. 2008; McMillan and Goulden 2008; Randerson et al. 2006) , our results indicate that a high albedo is realized immediately succeeding the human disturbance event (clear-cut harvest), decreasing thereafter with age as young forests canopies develop. The positive changes in albedo have immediate cooling effects on climate (Bala et al. 2007; Bathiany et al. 2010; Betts 2000; Bonan and Pollard 1992; Bright et al. 2011; Cherubini et al. 2012; Pongratz et al. 2011) . For coniferous species, these cooling effects would be largely diminished after a 20-40 year time horizon; for birch, the albedo change cooling effect would persist over the full rotation. The magnitude of the initial short-term cooling effect from the albedo change, however, would be larger for Spruce than for the other species due to the larger delta albedo at time of harvest (Fig. 2a) . Thus, albedo change climate effects ought to be integrated over time to ascertain whether birch or spruce harvests lead to a greater cooling effect over the ensuing rotation. Given typical rotation Fig. 2 Surface plots showing the predicted trajectory in monthly mean albedo as a function of monthly mean air temperature and age lengths in the region for spruce and birch of 100 and 60 years, respectively, our results imply that one possible management strategy might be to allow more birch succession on areas typically managed for spruce; or alternatively, to shorten rotation lengths of spruce dominant stands. Nevertheless, albedo change climate tradeoffs with carbon cycle perturbations on the same candidate areas ought to always be simultaneously evaluated.
The models presented herein are limited by their narrow spatial coverage, i.e., they should be applied with caution when predicting albedo of forests in other regions with differing climate patterns (i.e., those affecting seasonal snowfall and phenology). For the temperature based models, validation efforts are needed to ensure transferability to other boreal regions. Similarly, the models should not be applied to investigate cases with different management regimes, like those employing intensive pre-commercial thinnings or radically different silviculture methods (fertilization, deviations in planting densities, etc.). Future research should be directed at extending the spatial coverage to other regions in Norway and throughout the Fenno-Scandinavian region, and to link specific management interventions impacting forest structure to changes in albedo, perhaps by expanding the number of predictor variables to include structural parameters like leaf and stem area indices (LAI/SAI), canopy cover fraction, height indices, etc. Although these are not routinely reported as part of typical forest inventories, these data are being increasingly measured and made available thanks to advancements in remote sensing techniques in recent years (Ni-Meister et al. 2010; Rautiainen et al. 2010) . It would be an interesting and an important step going forward to compare predicted albedo from studies employing physical models (Manninen and Stenberg 2009; Ni and Woodcock 2000; Rautiainen et al. 2011 ) to those derived from models based on regressions of observed albedo when the same underlying structural parameters (LAI, height, canopy cover fraction, etc.) are used as model inputs.
Conclusions
The presented regression models can be used with routine forest inventory or meteorological data to predict albedo evolution in managed forests throughout the region, which, together with carbon cycle modeling, can lead to more holistic climate impact assessments of alternative forest harvest scenarios. The monthly models illustrate that species and age influences on forest cover and thus albedo varies considerably over the year. Similarly, incoming solar radiation varies significantly over the year, meaning that in studies of climate tradeoffs, more accurate accounting of albedo effects will be obtained when using albedo models with a high temporal resolution.
While the work presented here fills an important gap in our understanding of albedo temporal transitions in managed boreal forests-which can serve to better inform regional forest management strategy-sustained efforts should be given towards improving our understanding of meteorological and physical drivers of albedo, of boreal forest albedo under a changing climate (Soja et al. 2010; Wramneby et al. 2010) , and of temporal trends in other important biophysical properties impacted by human disturbances in boreal regions.
